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Abstract Bacillus stearothermophilus leucine aminopep-
tidase II (LAPII) was fused at its C-terminal end with
the raw-starch-binding domain of Bacillus sp. strain
TS-23 a-amylase. The chimeric enzyme (LAPsbd), with
an apparent molecular mass of approximately 61 kDa,
was overexpressed in IPTG-induced Escherichia coli cells
and puriﬁed to homogeneity by nickel-chelate chroma-
tography. The puriﬁed enzyme retained LAP activity
and adsorbed raw starch. LAPsbd was stable at 70C for
10 min, while the activity of wild-type enzyme was
completely abolished under the same environmental
condition. Compared with the wild-type enzyme, the
twofold increase in the catalytic eﬃciency for LAPsbd
was due to a 218% increase in the kcat value.
Keywords Leucine aminopeptidase Æ Bacillus
stearothermophilus Æ Amylase Æ Raw starch-binding
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Introduction
The aminopeptidases, a group of enzymes that catalyze
the removal of amino acids from the amino terminus of
proteins, are critical components of the protein degra-
dation machinery. Leucine aminopeptidase (LAP) is the
most extensively studied of these enzymes due to its
many potential commercial applications. LAP has been
shown to improve ﬂavor development [27], to improve
the taste of debittered protein hydrolysates [20], and to
convert L-homophenylalanyl amide into L-homophenyl-
alanine, the versatile intermediate for a class of angio-
tension I-converting enzyme inhibitors [7]. LAPs are
found in a wide variety of bacterial species and are
classiﬁed into three groups on the basis of their molec-
ular structures [4]. As a member of group III, the cobalt-
coordinated Bacillus stearothermophilus LAP II (LAPII)
is a dimeric enzyme with an apparent molecular mass of
46 kDa [24]. Recently, a gene encoding for LAPII was
cloned [17] and expressed at high-levels in Escherichia
coli [8].
Several chimeric proteins have been constructed for a
variety of amylolytic enzymes. Studies of these proteins
have focused on secretion of the enzyme [6] as well as
changes in substrate [16, 26] or product speciﬁcities [18].
It was observed that the chimeric proteins of diﬀerent
enzyme species did not produce the functions expected
from the original enzymes [5, 15, 23], since the native
polypeptide-folding patterns were usually not main-
tained in the hybrid proteins. Earlier, an a-amylase gene
from Bacillus sp. strain TS-23 was cloned and expressed
in recombinant E. coli [10]. Deletion analysis revealed
that the last 100 amino acids of the enzyme functioned
as a starch-binding domain (SBD) [13]. The SBDs of
Bacillus macerans cyclodextrin glucanotransferase
(CGTase) and Aspergillus niger glucoamylase retained
their starch-binding activity when they were produced as
chimeric proteins with b-galactosidase [3]. Fusion of the
SBD of B. subtilis CGTase with an a-amylase of the
same species also resulted in a chimeric enzyme having
both raw-starch binding and -digesting abilities [19].
Additionally, the SBD of Bacillus sp. strain TS-23
a-amylase was functionally expressed in E. coli [12]. The
results of those studies strongly suggested that the SBDs
of amylolytic enzymes could function independently
from the catalytic domains. Potential applications for
chimeric proteins containing the starch-binding tail
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include enzyme immobilization to starch or recovery
and puriﬁcation of target proteins from cell-free ex-
tracts. In this investigation, we constructed a raw-starch-
binding LAP (LAPsbd) by introduction of the SBD of
Bacillus sp. strain TS-23 a-amylase into the C-terminus
of B. stearothermophilus LAP II. The results showed that
the chimeric enzyme retained LAP activity and had an
enhanced thermostability.
Materials and methods
Bacterial strains, plasmids, and growth conditions
Escherichia coli NovaBlue (Novagen, Wis., USA) was
used as the host for routine plasmid propagation and
DNA cloning. E. coli M15 (Qiagen, Calif., USA) was
used for T5 RNA polymerase/promoter system protein
expression studies. Plasmids used were pTS917 [10] and
pQE-LAPII [8]. E. coli cells carrying plasmids were
grown oxically at either 28 or 37C in Luria–Bertani
(LB) medium supplemented with 100 lg ampicillin/ml
for Novablue strain or 100 lg ampicillin/ml and kana-
mycin (25 lg/ml) for M15 strain.
DNA methods
General DNA techniques were done essentially as
described previously [21]. The PCR products were ana-
lyzed on a 1% agarose gel and puriﬁed by the Geneclean
III kit (Bio 101, Calif., USA). Oligonucleotide primers
were synthesized by Mission Biotechnology (Taipei,
Taiwan). The construct was conﬁrmed by dye-termina-
tor cycle sequencing with an automated 373A sequencer
(Perkin-Elmer, Foster City, Calif., USA).
Construction of expression plasmid
Two primers containing Pst I restriction site were syn-
thesized in order to amplify a DNA fragment encoding
the last 100 amino acids of Bacillus sp. strain TS-23
a-amylase (Fig. 1). PCR ampliﬁcation was carrid out
using a DNA thermal cycler (Model 2400; Perkin-Elmer,
Conn., USA) with a reaction mixture (100 ll) containing
1.25 mM deoxynucleotides, 20 mM of each primer,
100 ng template, 1.5 mM MgCl2, 10 mM Tris-HCl
(pH 8.3), and 2 units Pfu DNA polymerase. The DNA
was ampliﬁed as described by [12], digested with Pst I
and inserted into the respective site of pQE-LAPII,
yielding yield pQE-LAPsbd.
Expression and puriﬁcation of LAPsbd
For high-level expression of LAPsbd, E. coli strain M15
(pQE-LAPsbd) was grown on LB medium containing
the above-mentioned antibiotics to an optical density at
600 nm of approximately 0.6. Isopropyl-b-D-thiogalac-
topyranoside (IPTG) was added to a ﬁnal concentration
of 1 mM and the cultivation was continued at 28C for
12 h. The cells were harvested by centrifugation at
12,000 g for 10 min at 4C, resuspended in 3 ml of
binding buﬀer (5 mM imidazole, 0.5 M NaCl, and
20 mM Tris-HCl; pH 7.9), and disrupted by sonication.
LAPII and LAPsbd were puriﬁed by a previously
described procedure [8].
Electrophoresis and activity staining
SDS-PAGE was carried out using the Laemmli buﬀer
system [9]. Prior to electrophoresis, the samples were
heated at 100C for 5 min in dissociating buﬀer con-
taining 2% SDS and 5% 2-mercaptoethanol. After
electrophoresis, the gels were stained with 0.25% Coo-
massie brilliant blue R-250 dissolved in 50% methanol–
10% acetic acid, and destained in a solution of 30%
methanol and 10% acetic acid. Protein markers were
phosphorylase b (97.4 kDa), bovine serum albumin
(66.3 kDa), ovalbumin (45.0 kDa), carbonic anhydrase
(31.0 kDa), and trypsin inhibitor (21.5 kDa).
Leucine aminopeptidase activity in the gel was
detected with the procedure described by Manchenko
[14]. PAGE was performed in a vertical mini-gel system
(Mini-Protean III system; Bio-Rad Laboratories, Rich-
mond, Calif., USA) with a 10% non-denaturing poly-
acrylamide gel. Electrophoresis was run at 4C and a
constant voltage of 100 V for 3 h. To detect LAP
activity, the gels were immediately immersed into 0.4%
Fig. 1a,b Construction of His6-tagged leucine aminopeptidase
(LAP)II/starch-binding domain (SBD) fusion protein. a The last
100 amino acids of Bacillus sp. TS-23 a-amylase. The ﬁrst amino
acid of the putative SBD is underlined. b Primers used for PCR
ampliﬁcation of a 324-bp DNA fragment encoding for the SBD.
The synthetic oligonucleotides used are bold and the created
restriction enzyme sites are in italics
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L-leucyl-2-naphthylamide and 0.6% fast black K in
100 mM phosphate buﬀer (pH 5.8), and were incubated
at 55C until dark blue bands appeared.
Enzyme assay and kinetic characterization
Leucine aminopeptidase activity was assayed following
the procedure of Kuo et al. [8]. One unit of LAP activity
is deﬁned as the amount of enzyme that produces
1 lmol p-nitroanilide (p-NA) per min at 60C. Protein
concentration was measured with the Bio-Rad protein
assay reagent and bovine serum albumin was used as the
standard.
To determine the thermostability of the puriﬁed
LAPII and LAPsbd, the enzymes were adjusted to
100 lg protein/ml with 50 mM Tris-HCl buﬀer
(pH 8.0). The enzyme solutions were incubated at 70C
for the designated time periods. After incubation, 100 ll
of the enzyme solution was withdrawn and residual
activity was measured under the standard assay condi-
tions.
Km and kcat values were estimated by measuring
p-NA production in 0.5-ml reaction mixtures containing
various concentration of the substrate (0.32.0 Km) in
50 mM Tris–HCl buﬀer, pH 8.0, and a suitable amount
of enzyme. Samples were incubated for 10 min at 60C.
The Km and kcat values were calculated from the rate
p-NA production using the Michaelis-Menten equation.
Adsorption of raw starch
The Starch-binding assay was done essentially according
to the procedures described by Lo et al. [13]. The
adsorption rate is deﬁned as [(protein concentration in
the original enzyme solution  residual protein after
adsorption)/protein concentration in the original en-
zyme solution] · 100. Brieﬂy, approximately 234 lg
LAPsbd/ml in 50 mM Tris-HCl (pH 8.0) was separately
mixed with 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, and
60 mg corn starch to a ﬁnal volume of 1 ml. The mix-
tures were shaken at 4C for 3 h and then centrifuged to
sediment the adsorbent. Aliquots (150 ll) of the result-
ing supernatants were taken for protein determinations.
The protein concentrations were determined colorimet-
rically from the cleared supernatants at 595 nm in a
Hitachi U-1800 spectrophotometer. Assay tubes in the
absence of LAPsbd were used as the blanks.
Results and discussion
Expression and puriﬁcation of LAPsbd
In a previous study, we constructed a bacterial expres-
sion plasmid, pQE-LAPII, for the heterologous pro-
duction of B. stearothermophilus LAP II [8]. The mRNA
of this construct encodes ten additional amino acids
(MRGSHHHHHH) at the N-terminus of LAPII, which
facilitates one-step puriﬁcation of recombinant proteins
with nickel nitrilotriacetate (Ni2+-NTA) resin. In order
to overproduce LAPsbd, the PCR-ampliﬁed DNA
fragment encoding the SBD of Bacillus sp. strain TS-23
a-amylase was restricted with Pst I and inserted into the
respective site of pQE-LAPII to obtain pQE-LAPsbd.
Analysis of the total proteins from IPTG-induced E. coli
M15 (pQE-LAPsbd) revealed a predominant protein
band with apparent Mr of approximately 61 kDa
(Fig. 2), which compared well with the calculated mass
of the aﬃnity-tagged translational product of the fusion
gene. As a control, a 44.5-kDa protein band was also
observed in E. coli M15 (pQE-LAPII). LAPII and
LAPsbd in the crude extracts were further puriﬁed by a
Ni2+-NTA resin. As shown in Fig. 2, only one protein
band was observed in the respective lanes. Activity
staining showed that the chimeric protein retained LAP
activity (Fig. 3), indicating that the chimeric environ-
ment does not aﬀect functional expression of the enzyme
in recombinant E. coli. Puriﬁed LAPII and LAPsbd had
a speciﬁc activity of 413 and 528 U mg1 protein
(Table 1), respectively. The signiﬁcant increase in the
speciﬁc activity of LAPsbd indicated that the starch-
binding region did not interfere with enzyme function;
thus, in some applications it may not be necessary to
remove the tail from the chimeric protein.
Characterization of LAPsbd
Small diﬀerences in domain structure may aﬀect the ﬁne
structure of the active cleft. In the case of chimeric
a-glucan phosphorylase, the presence of 78 residue at a
position near the active site of the type L isozyme causes
steric hindrance of large, branched glucan molecules
approaching the active site [16]. However, LAPII and
LAPsbd displayed similar substrate speciﬁcity (data not
shown), implying that a steric eﬀect did not occur in the
Fig. 2 Analysis of LAPII and LAPsbd by SDS-PAGE. Lanes: M
standard marker proteins, 1 total proteins from E. coli M15 (pQE-
LAPII) 2 total proteins from E. coliM15 (pQE-LAPsbd), 3 puriﬁed
LAPII, 4 puriﬁed LAPsbd
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chimeric enzyme. It is worth noting that the maximal
activity for the wild-type enzyme was 60C, while the
optimal temperature of LAPsbd was elevated to 75C.
The thermostability of each protein was also monitored
in 20 mM Tris-HCl buﬀer (pH 8.0). The proteins were
found to be stable at 50C with no decrease in activities
even after incubation at this temperature for 90 min
(data not shown). As shown in Fig. 4, LAPsbd displayed
a half-life of 30 min, while that of LAPII was less than
5 min. Based on these measurements, we determined
that LAPsbd displayed signiﬁcantly higher amidolytic
activity and thermostability than the parental enzyme.
In some cases, the chimeric environment did not aﬀect
proper functioning of b-galactosidase [2] and glucoam-
ylase I [22], while a remarkable decrease in catalytic
activity was observed in a fusion protein of cyclodextrin
glucanotransferase [19]. Clearly, the introduction of
SBD of Bacillus sp. strain a-amylase into LAPII does
not aﬀect its catalytic function. It has been reported that
the SBD of B. macerans CGTase is involved in the
thermostability of the enzyme [1]. Although the SBD of
Bacillus sp. strain TS-23 a-amylase is not important for
thermostability [13], this domain contributes greatly to
the thermostability of LAPsbd.
Steady-state kinetic parameters were determined
using p-NA at the concentrations of 0.2–3.8 mM.
LAPsbd exhibited a similar Km value with an increased
catalytic eﬃciency relative to the wild-type enzyme
(Table 1). It has been demonstrated that the glucoamy-
lase fusion protein exhibits similar Michaelis–Menten
kinetic parameters to those of the parental enzyme [22].
The Vmax values for maltose of the chimeric a-gluco-
sidases were signiﬁcantly changed whereas the Km values
were similar to that of the wild-type enzyme [25]. In our
study, the catalytic eﬃciency of LAPsbd was higher than
that of LAPII. This implies that fusion of SBD with
LAPII causes a conformational change in the catalytic
cleft of the enzyme.
Adsorption of LAPsbd to raw starch
The raw-starch-binding activity of the chimeric protein
was determined with an adsorption isotherm over a
range of starch concentrations. As expected, no detect-
Fig. 3a,b Analysis of LAPII and LAPsbd by non-denaturing
PAGE. The puriﬁed enzymes were separated on 10% polyacryl-
amide gels and visualized by Coomassie brilliant blue staining
(a) and activity staining (b). Lanes: 1 puriﬁed LAPII, 2 puriﬁed
LAPsbd. Dark bands Proteins exhibiting LAP activity
Fig. 4 Eﬀect of temperature on the stability of LAPII (open circles)
and LAPsbd (ﬁlled circles). The reaction temperature was 70C and
the residual enzyme activities were assayed as described in
Materials and methods. The data represent the average values of
three measurements










LAP 413±25 0.94±0.08 18.41±5.61 19.6
LAPsbd 528±27 1.02±0.11 40.17±9.87 39.4
Fig. 5 Binding of puriﬁed LAPsbd to raw starch. The data
represent the average values of three measurements
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able adsorption was observed in LAPII (data not
shown). There was a linear increase in the adsorption
rate at these raw starch concentrations of 0–3% (Fig. 5).
The rate of increase was reduced and appeared to reach
a plateau when the raw starch concentration was over
4%.
In conclusion, we have shown that a LAPII fusion
protein containing 100 amino acids from the C-terminus
of Bacillus sp. strain TS-23 a-amylase has the ability
to adsorb raw starch. The strong folding ability of
B. stearothermophilus LAP II and the functionally
independent characteristic of the SBD of Bacillus sp.
strain TS-23 a-amylase may have played an important
roles in starch adsorption. We previously demonstrated
that recombinant a-amylase of Bacillus sp. strain TS-23
can be recovered from crude E. coli extract by adsorp-
tion to starch granules followed by gentle elution with a
Tris-HCl buﬀer [11]. The conditions for recovery of
chimeric proteins from starch, however, remain to be
optimized.
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